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Abstract
The anisole-ammonia 1:1 complex is a challenge for both experiment and theory. Early studies supported a nonplanar structure, involving a trifecta of weak non-covalent interactions: N-H/O, N-H/π, and C-H/N. The calculated
structure and binding energy of the complex proved remarkably sensitive to the level of theory employed. Here,
we report the first experimental measurement of the ground state dissociation energy of the complex, and

derive an excited (S1) state dissociation energy that is in excellent agreement with the cutoff observed in the
experimental excitation spectrum. Results are compared with previous predictions and new calculations based
on benchmarked Density Functional Theory methods.
Graphical abstract

1. Introduction
Complexes of aromatic chromophores with various solvents have long been used as model systems to probe
weak non-covalent interactions [1], [2], [3], as these interactions emulate a plethora of real-world occurrences,
e.g., in supramolecular chemistry [4], [5], molecular recognition and sensing [6], and catalysis [7]. Experimental
study of the structure and dissociation energies of such complexes provides valuable benchmark data for
theoretical approaches [8], [9], [10], and provides insight into competitive or cooperative non-covalent binding
interactions [11], [12]. A complex of particular interest that has provided a challenge for theory is the anisole–
NH3 1:1 complex.
In 2007, Piani et al. examined this complex using resonant two-photon ionization (R2PI) spectroscopy [13]. The
origin transition was red-shifted from the bare anisole origin by ~200 cm−1, a feature often characteristic of πtype non-covalent interactions with an aromatic system [14]. This stands in contrast to the structure of the
related phenol-ammonia 1:1 complex, which shows a planar hydrogen–bonded complex [15]. Based upon the
observed low resolution rotational contour of the origin band, the observed complex was indeed assigned to a
π-type complex, exhibiting a trifecta of N-H/π, N-H/O, and C-H/N interactions with the aromatic ring and
methoxy group. Foreshadowing the difficulties in theoretical treatment of this system, calculations at the
B3LYP/6-311++G** level revealed three minima on the Potential Energy Surface (PES), with the in-plane Hbonded structure predicted to have the largest stabilization energy.
Shortly thereafter, the same group reported high resolution Laser Induced Fluorescence (LIF) spectra of the
complex and with the Barone group carried out extensive theoretical calculations [16]. The rotationally resolved
spectrum confirmed the previous assignment, and new theoretical calculations using MP2 and dispersioncorrected DFT methods showed that the non-planar complex was indeed the global minimum energy structure.
However, these methods gave disparate values for the complex binding energy. In 2008, Barone and co-workers
reported more extensive theoretical studies of the binding energy in the S0 and S1 states [17], showing that the
structure of the complex was very sensitive to the level of theoretical treatment, with DFT and MP2 optimized
structures displaying significant differences. As a result, the calculated S0 binding energies using these methods
varied over a wide range, from ~4 to ~13 kJ/mol. For the S1 state, the results were even more dramatic, as TDDFT methods gave binding energies as high as 22 kJ/mol, while EOM-CCSD predictions were much smaller, of
order 4–7 kJ/mol. In 2009, Giuliano et al. performed a study of the complex using microwave spectroscopy [18].
The experimental rotational constants were well reproduced from a structure optimized at the MP2/6311++G** level, from which a ground state binding energy of 9.0 kJ/mol (corrected for ZPE and BSSE using the
counterpoise method) was predicted.

To data, there has not been an experimental measurement of the dissociation energy of the complex in the S0 or
S1 states. Given the sensitivity of the calculated binding energy to level of theory, basis set, and dispersion
correction, such a measurement is highly desirable. In this letter, we report experimental determination of the
S0 binding energy for the anisole-(NH3) 1:1 complex using 2-color appearance potential (2CAP) spectroscopy. The
derived value is in good agreement with benchmarked theoretical methods, and the S1 state binding energy
derived from this measurement is in accord with the cutoff observed in the experimental R2PI spectrum. While
not emphasized here, our calculations predict a large increase in binding energy in the D0 state, consistent with
partial formation of a C-N bond in a pre-reactive complex as has been observed in the related halobenzeneammonia complexes [19], [20], [21].

2. Experimental and computational details
All experimental work was performed using a time-of-flight mass spectrometer described in detail
elsewhere [11], [20], [21], [22], [23]. To generate the anisole-(NH3) 1:1 complex, a premix of ~1% ammonia in
argon was passed over a bubbler of liquid anisole held in a −5 °C bath. The gaseous mixture was expanded into
the source chamber of the mass spectrometer through a 0.8 mm opening of a pulsed valve nozzle (General
Valve series 9) and then skimmed by a 1.5 mm skimmer (Beam Dynamics) prior to entering the ionization region.
Excitation of the complex was achieved by the frequency-doubled output of a Lambda Physik Scanmate dye
laser, pumped by the third harmonic of a Quantel QSmart–850 Nd:YAG laser. After excitation, ionization of the
complex was achieved by the output of a Sirah Cobra Stretch dye laser pumped by a Continuum Indi Nd:YAG
laser. This ionization laser was aligned counterpropagating to the excitation laser and temporally overlapped,
with the pulse delays controlled using an eight-channel delay generator (Berkeley Nucleonics 565).
Excitation spectra for the anisole monomer and 1:1 anisole–NH3 complex were determined by setting the
ionization laser (λ2) above the ionization threshold, and scanning the frequency of the excitation laser (λ1) while
monitoring the onset of monomer or complex ion signal in the mass spectrum. To determine the S0 state
dissociation energy, 2CAP measurements were performed, where the pump laser was set on resonance (λ1) of
the 1:1 complex and the second (ionizing) laser (λ2) scanned above the dissociation threshold while monitoring
the mass channel of the anisole monomer cation [11].
Calculations were performed using the Gaussian 16 [24] suite of packages on the XSEDE Comet super-computing
cluster [25]. Single-hybrid methods of B3LYP [26], [27], [28], [29], CAM-B3LYP [30], [31], PBE0 [32], [33],
PW6B95 [34], and M06-2X [35] were used in this work, combined with the def2-QZVPPD basis set [36], [37] and
Grimme’s D3 dispersion term [38], [39]. All structures were optimized with tight convergence criteria, and
frequency calculations performed to identify minima on the potential energy surface. Calculated binding
energies were corrected for zero-point energy (ZPE). With the basis set employed here, the overstabilization
from BSSE was negligible (<0.2 kJ/mol).

3. Results and discussion
Fig. 1 shows the 2CR2PI excitation spectrum of the 1:1 anisole-NH3 complex, with the energy axis defined with
respect to the origin transition of anisole. The spectrum shows an origin band which is red–shifted from the
anisole origin transition by 193 cm−1, in agreement with prior studies [13]. In the overview spectrum (upper
panel), a clear cutoff in sharp vibronic structure is evidenced roughly 1000 cm−1 above the origin band. The
region near the origin band (lower panel) shown extensive vibronic activity which can largely be assigned to
fundamentals, overtones, and combination bands involving two intermolecular vibrations with harmonic
frequencies of 34 and 39 cm−1, respectively (Table S1).

Fig. 1. The R2PI spectrum of the anisole-(NH3) 1:1 complex obtained by scanning the excitation laser with fixed
wavelength ionization laser while monitoring the complex mass channel. The energy scale is given relative to the
origin of the anisole S0-S1 spectrum. The inset shows an expanded view of the region near the origin.
Subsequently, we carried out two-color appearance potential (2CAP) measurements [9]. Here the appearance
energy of the anisole cation radical fragment is approximated as the sum of the ground state dissociation energy
of the anisole–NH3 1:1 complex and the ionization potential of anisole. The 2CAP spectrum, with the anisole
ionization potential subtracted so that the x-axis is a direct readout of the ground (S0) state dissociation energy,
is shown in Fig. 2. This spectrum displays two onsets, with the second onset lying approximately 11.4 kJ/mol (or
950 cm−1) higher in energy than the first. As this difference corresponds closely to the vibrational frequency of
the wagging mode in ammonia, we assign the first onset to the formation of vibrationally cold ammonia
fragments, and the second to the appearance of vibrationally excited fragments. The initial onset corresponds to
an upper limit of the ground (S0) state dissociation energy of 10.2(7) kJ/mol.

Fig. 2. The 2CAP spectrum for the 1:1 anisole–NH3 complex with energy axis referenced to give directly the
ground (S0) state dissociation energy. The second onset is assigned to the formation of vibrationally excited
NH3 fragments. The darker line in this figure represents a 10-point smoothing of the raw data (dots).
As a check on the 2CAP derived value, we combined this value with the observed spectral red-shift for the
complex (Fig. 1) to derive a dissociation energy in the S1 state. This calculation returned an S1 state dissociation
energy of 12.6(7) kJ/mol. In Fig. 3, this predicted value is compared with the S0-S1 excitation spectrum in the
region where the breakoff in sharp structure is observed. Here we have re-referenced the x-axis to reflect
energy relative to the origin band of the complex. It is clear from this figure that the derived binding energy,
represented as an X with associated error bar on the energy axis, is consistent with the observed spectral cutoff,
which presumably represents the onset of rapid dissociation in the S1 state.

Fig. 3. Expanded view of the 2CR2PI spectrum in the region of the cutoff in sharp vibronic structure. As
indicated, this cutoff is consistent with the S1 dissociation energy estimated from the 2CAP measurement and
the observed spectral red-shift in the S0-S1 spectrum of the complex.

With experimental dissociation energies derived for the S0 [10.2(7) kJ/mol] and S1 [12.6(7) kJ/mol] states, we
return to the detailed calculations reported by Barone and co-workers [17]. Our S0 value is closest to the
predicted value (11.3 kJ/mol) at the M05-2X/6-311+G(d,p) level, while our derived S1 value is close to predicted
values at the TD-B3LYP-DM/6-311+G(d,p) (13.8 kJ/mol) and TD-LC-ωPBE/6-311+G(d,p) (11.6 kJ/mol) levels. To
further understand the intriguing trifecta of non-covalent interactions in this system, we carried out calculations
as described above. Our calculated structures were consistent with prior studies in revealing three modes of
non-covalent interactions: N-H⋯π, N-H⋯O, and C-H⋯N, as illustrated in Figure S1, which displays the optimized
structures at five different levels of theory. Table 1 indicates the ground state (S0) dissociation energy estimated
from the dispersion corrected DFT methods used in this work. All gave values in reasonable agreement with
experiment.
Table 1. Experimental dissociation energy compared with calculated binding energies of the ground state of the
1:1 anisole ammonia complex.
Anisole-(NH3) S0 dissociation energy calculations
Method
Experimental dissociation energy
PW6B95-D3/def2-QZVPPD
B3LYP-D3/def2-QZVPPD
CAM-B3LYP-D3/def2-QZVPPD
PBE0-D3/def2-QZVPPD
M06-2X-D3/def2-QZVPPD

Energy (kJ/mol)
10.2(7)
9.9
11.6
11.8
12.1
12.3

Finally, while not the focus of this work, it is interesting to note that the binding energy in the D0 state as
predicted by theory is significantly increased in comparison with S0 and S1. For example, calculations at the
UPBEO-D3/aug-cc-pVTZ level predict a binding energy of roughly 40 kJ/mol, and a structure where the ammonia
has moved over the α-carbon, forming an incipient bond. This is reminiscent of related complexes of
halobenzenes with ammonia, where upon ionization the ammonia attacks the electrophilic α-carbon, leading to
the formation of Wheland intermediates which react via halogen atom or hydrogen halide loss [19], [21].

4. Conclusions
The anisole–NH3 1:1 complex has proven a challenging system for theory, with predictions of the ground state
binding energy varying over a wide range. Here, we have determined experimentally an upper limit to the
dissociation energy for the anisole–NH3 1:1 complex in the ground state, 10.2(7) kJ/mol. From this value, the
inferred S1 state binding energy is in excellent agreement with the observed cutoff in the excitation spectrum.
The calculated minimum energy structure shows a complicated interplay of three types of non-covalent
interactions; N-H⋯O, N-H⋯π, and C-H⋯N interactions. Our experimentally measured value is in reasonable
agreement with benchmarked and dispersion-corrected DFT methods. Overall, this system is an excellent one
for exploring cooperativity and competition amongst weak non-covalent interactions.
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